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Abstract 


A  downward-looking,  large-area  array,  active  sonar  system 
has  been  proposed  as  a  means  for  monitoring  the  passage  of  submerged 
objects  by  measuring  the  backscatter  off  the  altered  thermal  micro¬ 
structure.  The  evaluations  here  show  that  the  problem  is  contrast, 
with  the  biological  backscatter  as  the  limiting  factor,  so  that  a  large 
array  appears  necessary.  The  degree  to  which  the  remnants  of  the 
thermocline  structure,  after  passage,  would  further  limit  the  system 
are  not  yet  known.  As  an  experimental  plan,  other  unknowns  are  the 
desired  frequency  of  operation  as  well  as  the  required  sophistications 

of  the  sonar. 
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Sum  mary 


A  downward -looking,  large  area  array,  active  sonar  system  has  been 
proposed  as  a  means  for  monitoring  the  passage  of  a  submarine  by  measuring 
the  backscatter  off  the  altered  thermal  microstructure.  The  results  of  the 
evaluations  here  and  those  in  Jason  1  seem  to  show: 


1*  The  detection  problem  is  not  ambient  noise  but 
rather  that  of  contrast. 


2. 


If  biological  backscatter  is  the  limiting  factor, 
then  a  large  array  appears  necessary.  How¬ 
ever,  the  frequency  of  operation  is  not  evident 
so  that  further  investigation  is  required  in  order 
to  define  the  array  and  other  system  parameters. 


3.  However,  if  the  backscatter  from  the  thermo- 
cline  is  off  sheets  of  high  thermal  gradients, 
range  gating  may  be  effective  in  reducing  array 
requirements. 


4.  If  after  passage  of  the  submarine,  the  thermo- 
cline  is  not  completely  homogenized,  the  limi¬ 
tations  may  not  be  biological  backscatter  but  the 
remnants  of  the  thermocline. 

5.  Detection  of  the  horizontally  stratified  thermo¬ 
cline  before  passage  and  the  remnants  after¬ 
wards  may  not  only  require  range  gating  but 
more  sophisticated  techniques. 

6.  The  complete  system  may  thus  not  comprise  a 
large  array  with  a  pulse  compression  sonar  but 
instead  resemble  a  sonic  holography  system. 

This  may  be  particularly  true  if  energy  changes 
by  themselves  are  not  credible,  but  actual  exami¬ 
nation  of  the  thermocline  fine  structure,  before 
and  after  passage,  is  necessary. 


The  efficacy  of  these  techniques  is  difficult  to  comment  upon  because  little 
ie  known  about  the  stability  and  lateral  coherence  of  the  thermal  microalruc- 
ture  Itycrs  in  the  ocean.  More  importantly,  however,  the  little  that  is  known 
ha*  not  bccn  ful,y  exploited  in  terms  of  synthesizing  a  system. 
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1.  0  System  Analysis 


A  preliminary  evaluation  has  b<’en  made  of  an  active  sonar  system 
designed  to  monitor  the  passage  of  a  submarine  by  measuring  the  backscatter 
off  the  fine  structure  of  the  thermocline.  It  is  shown  that  even  with  a  modest 
array,  the  effects  of  ambient  noise  will  be  small  so  that  the  problem  is  one 
of  contrast  -  i.  e.  ,  the  change  in  backscatter  before  and  after  passage  of  the 
submarine  (Section  3.  0). 

The  evaluation  by  Jason  ^  is  based  on  the  volume  backscatter  due  to 
the  gradients  of  the  thermocline  being  homogenized  by  the  passage  so  that  the 
remaining  backscatter  is  of  biological  origin.  With  this  model,  the  require¬ 
ment  for  a  large  array  results  from  the  need  to  fully  exploit  the  horizontal 
coherence  of  the  laminar  thermal  layers  and  thus  obtain  sufficient  processing 
gain  over  the  biologically  scattered  energy. 

The  efficacy  of  this  suggested  technique  is  difficult  to  comment  upon 
because  of  uncertainties  in  the  applicability  of  the  model  used  for  the  fine 
structure  of  the  thermocline,  before  and  after  passage.  Specifically,  before 


passage, 


1.  The  model  is  based  on  a  volume  backscatter  and 
thus  does  not  show  the  advantages  of  range  gating. 
Other  model?  for  the  thermocline  ^  show  that 
the  principal  for,  arcs  are  a  series  of  thin  laminar 
flow  sheets  of  high  static  stability  separated  in 
depth  by  weakly  turbulent  layers  a  few  meters 
thick  having  only  moderate  density  gradients. 

The  analysis  of  this  model  (Section  2.0)  shows 
that  the  backscatter  per  layer  is 


r  -  ?*/(/*>  -.’O'il  id 
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in  which  L  is  the  layer  thickness 

X  is  the  sonic  wavelength. 

Frequency  effects  result  in  -91  dB  backscatter 
at  5  KHz  and  -105  dB  at  25  KHz. 


2.  The  estimates  from  the  backscatter  model  used  in 
Jason  1  are  -90  to  -100  dB/m.  This  is  not  incon¬ 
sistent,  except  that  in  the  model  used  here  the  back¬ 
scatter  is  not  per  meter  but  rather  the  result  of  a 
thermal  discontinuity  less  than  10  cm  thick. 


3.  If  the  biological  backscatter  is  accepted  at  the 
values  used  in  Jason 

biological,  day  -70  dB/m 

night  -90  dB/m 

and  the  sonar  range  gates  to  10cm,  the  biological 
interference  level  is 

biological,  day  -70  -10  =  -80  dB/m 

night  -90  -10  =  -100  dB/m 

4.  Unless  the  thermal  sheets  are  less  than  10cm 
thick,  range  gating  by  itself  does  not  appear 
sufficient  for  detection.  However,  range  gating 
does  reduce  the  requirements  on  the  size  of  the 
array. 


After  passage  of  the  submarine: 

1.  The  model  for  the  thermocline  is  based  on  a 
homogenization  of  the  thermal  layers  leaving 
only  the  biological  scatters.  Other  models'*, 
however,  indicate  that  the  mixing  is  not  that 
all  complete. 

2.  Suppose,  for  example,  after  passage  a  more 
suitable  model  is  that  the  thermal  sheets  arc 
dispersed  so  that  the  -100  dB  backscatter  from 
discrete  sheets  is  now  a  volume  backscatter. 
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3. 


In  this  case  the  large  array  may  not  be  too 
effective  against  the  backscatter  after  passage 
because  it  comes  from  extended  discontinuities 
rather  than  from  small  biological  scatters. 

4.  Range  gating  then  becomes  a  necessity  to 

determine  that  the  structure  of  the  backscatter 
has  been  distributed. 


Indeed  u  may  result  that: 

1.  A  large  array  is  needed  to  reduce  biological 
backscatter. 

2.  Range  gating  (pulse  compression  sonar)  is 
needed  to  determine  that  the  laminar  layer 
has  been  disturbed. 

3.  A  holographic  data  processing  procedure  is 
required  to  further  examine  the  fine  structure 
of  the  thermocline  before  and  after  passage. 
Perhaps  without  a  procedure  such  as  this, 
monitoring  of  energy  changes  will  not  be 
believable. 


The  preliminary  conclusion  is  that  the  little  that  is  known  about  the  fine 
structure  of  the  thermocline  has  not  been  fully  exploited  in  designing  an 
acoustic  monitoring  system. 
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2  0  Physical  Phenomena 


The  physical  phenomena  which  is  to  be  observed  is  the  fine  structure 

of  the  thermocline  which  affects  C  and  hence  the  backscatter  of  sonic 

waves.  The  order  of  magnitude  of  this  effect  will  be  estimated  from  two 

sources,  J.  D.  Woods  observations  in  the  Mediterranean  ^  and  W.  W.  Denner 

3 

observations  in  the  Arctic. 

2.  1  Mediterranean  Data 

The  principal  features  of  a  thermocline,  observed  by  photographs  of 
the  tracers,  is  a  series  of  thin,  laminar-flow  sheets  of  high  static  stability, 
separated  by  weakly  turbulent  layers  a  few  meters  thick  having  only  a  mod¬ 
erate  density  gradient. 


Temperature 

T  =  20° C 

Sheet  Thickness 

k*  =10  cm 

Temperature  Gradient  in 
Sheet 

A~J r/j^  s?  /  11 

Temperature  Step 

A~r  ~  -  o.  r  0  c 

Both  the  density  and  salinity  step  changes  would  be  desirable.  The  salinity 
change  will  be  neglected.  The  density  change  is  calculated  from  the  tempera 
ture  change. 

-260  x  10  "6  4T 
c;  -260x  10-6  (-0.  2) 

"Z,  520  x  10 g/cm  ^ 


-5- 


Ltc  x  Coy  to 


Fig.  1.  Model  for  the  Change  in  ^C.  with  Depth 


2,  2  Arctic  Data 


The  features  observed  in  the  Arctic  are  sheets  of  high  temperature 
gradient  ranging  from  a  few  to  a  few  tens  of  centimeter  thick  separated  by 
layers  of  small  gradient  a  few  to  a  few  tens  of  meters  thick.  These  data 
arc  consistent  with  the  Mediterranean  data  except  there  is,  in  addition  to 
temperature  steps,  recorded  salinity  and  density  step  changes. 


Temperature 

T 

u 

o 

o 

Sheet  Thickness 

3 

10  cm 

Temperature  Step 

4T 

0.  02°  C 

Salinity  Step 

1 0  ppm 

Density  Step 

4f 

7.  0/f  g/ 

2.  3  Model  for  the  Reflectivity 

The  effect  of  these  step  changes  is,  to  a  first  approximation,  re¬ 
presentable  by  a  model  of  the  water  in  which  there  arc  layers  about  3  meters 

thick,  each  layer  having  a  step  change  in  its  acoustic  velocity.  Wilson's 

c  3 

equation  may  be  used  to  calculate  this  change  . 

C  -  j  V o  2  J  * /.  f,  U  7  —  o.  a  r t  x  -a  /  $  ?  /  fr-  ?  r  ) 

AC  *  V.  6  23  AT  -  0.  /o  7>  T AT+/>  3  9/  £ «S 


-7- 


For  the  Mediterranean 


C  ~  >  -f  t/t  5  v  *?  ^  5  y )  -  a .  0  V  :•  i  o) 

=  t  */*/?.  $  +  ?  ?.  r-  5/,  £ 

—  /  ■&"  J  / .  y  '^'r' 

4  C  S  (-0.  O  (  V.  7  >  2  ~  /:•;  /  S  (Xu  )  ) 

~  (-0.%}  (  2,  <4  W  ) 

~  O  t  l/  P  f{  /s/i< 

For  the  Arctic 

C  -  $  ^/adc 

s  <9.0*  {S.  6  is)  +  /,  $9/  (o.  0  /  ) 

^  V'0?2$-+  0.0/3  7  f 

-  o. tot*-/ 

The  acoustic  reflectivity  for  a  ray  at  normal  incidence  is  given  by 


- - 1 

R  Cr  -  P.C, 

fi  *7  f,  C, 

A^(5C  ^ 

£f>  c 

Since 

Ape  *  P  AC  +  4J3 


A. 
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then 


X?  X 


*  ( 


<  C 


For  the  Mediterranean 


R  > 


-  /  -zilLU*  + 

'  nt/.)  /  7 


^  t 
•% 


i  (-r--d  -  s  ’j  )  /■> 


/ 

..  /. 
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For  the  Arctic 


R  ^ 


JL  /  /oC>^  ^  v,  IV/J**  ^ 


~  4  r  >„>.?■>  /o~  5 


4  'J  *  /  3 


-  s. 


^LjJ h  'JU.  s)>ti 

**  •«  «  /  «//  / 


ThU  I,  In  agreement  wl,h  D.nnrr1  who  calculate  5*  fO’S«.  an  approximate 
value. 

While  .ho  model  I.  sufficient  ..  >  firs.  .pproslm.tlon,  I.  doe.  no. 
con.ntn  the  effect.  of  acoustic  frequency  And  I.  ,|,u.  only  «ccur«.e  If  .he 
ncous.lc  wavelength  Is  large  compered  to  the  sheet  thickness,  fly  large  will 
be  n  eon,  .hot  the  acoustic  wavelength  I.  at  lea,,  eight  time,  the  sheet  thick- 
ncaa.  Hence  the  wavelength  rnuat  exceed 


80  cm 
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And  the  frequency  mutt  be  le»»  Uiah 


P  ^  I SOO  m/  *rc 

0.  h  in 

£  <  I860  II*.. 

To  oblAin  a  more  accutaip  frequency  dependent  model,  change 
In  f  C  *cro»»  the  10  cm  interface  will  be  noumril  linear.  Moreover,  sinct 
Ihe  reflection  coefficient  U  «m*ll.  the  power  lo*e  of  ibe  incident  ray  will  be 
neglected  *o  that  the  Amplitude  A*  of  the  incident  ray  it  constant. 

The  Incremental  change  in  fC  «ro»*  a  distance  ^  n  the  Inter- 

face  U 

Jt,  c)  »  AMt)  Jx 

'  L  * 

The  Amplitude  of  the  reflected  ray  At  the  point  ^  within  the  interface  I* 

.  '  *  J.  *\ 

ja,  -  '’■■■  c  r  A  .  / 

Sift)  ^ 

in  which  %  i»  the  eatrA  round  trip  dutance  of  tS*  reflected  ray  to  fhe 
up|»er  edge  of  the  interface. 

Then 

Ar  8  )  t * 

£/*C  4 

And 

"J  *,  *  f  'fl  S 

/. 
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L 

t  7  ~\ 


In  »H*  form 


A,  *  C'A.  >  r  .  f  1 


/  , 

f 


fV  \ 

4<  * 

met 

Wv/. 


- . '  li 

J  1  / 

C? 


|H**  I*  lo  be 


:  v  / 


ib°  rrflrdion  cotffkknh  inclwfk*  fr  *«<*«*<  y  „ff*«u  I* 


*//)»  /T- 
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In  IM*  trrquet* «y  fkp-«f*kM  ikff*  rf«OMM  effect*  for  b*cV« 

#C4Hrr  off  a  *tf,£lr  )M#rU(«,  TIh'»*  rermm nre*  may  br  blurred  bf(4u»f  tb* 
Actual  of  llw>  (Mrrbtf  furry,  |*or  t hi »  rr^^M,  iHr  of  ibe 

/  X  faction  wi|||^  ***d.  In  AtWitton,  to  h**e  *  *jn*fe  n**mrrk*l 

¥*N#*  ihP  ***r*ye  **\u*  of  tho  reflection  coefficient  for  \he  Mediterranean  and 


Art  lie  -ill  be  w*ed. 
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J»  0  Drlrfitrtn  of  Mu  Mr r  f«4yrr  tUcUfaiirr  in  Ambirnt  ^'njip 
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ttOH  4fr  fiWh, 
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t*  l H*»  degree  lo  which  the  ocean  will  pent  it  coherent  processing.  The  con* 
•  Ifjeratiftn*  arei 


I.  The  piriform  move*  op  Ami  down.  At  moderate 
breeees  the  developed  *r»  ha*  »  height  ol 
a  hoot  I*  II  »t  atd  a  period  down  to  perhaps  I.  6 
second*.  The  change  in  sea  heiglt  I?  thus 
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The  wavelength  at  the  mast  mum  specified  sonar 
frequency  «(  2$  Kit#  l* 
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Hence,  even  without  deceupltrg  Item  the  ocean, 
th*  processing  time  could  he  b  J  •scotd*. 


2.  The  bandwidth  Is  limited  fey  the  thichn***  ol  the 
layer  which  Is  10cm  H  the  round 'trip  time  ol 
the  rellectlon  through  this  Ufsr  i*  limti«-d  lo 
one  lour  th  the  corresponding  period,  th*  hard* 
width  Is  limited  to 
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/rc-j  ~ 


Jh  The  mastmum  time -bandwidth  product  I*  thu* 
about 

5T  »  #.»('*#*)«  <£00 

The  processing  gain  espected  ol  the  sonar  Is 
ahrM*  dll. 
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wbcthnr  or  not  lbr>  or «an  ttrurtnrr  rtuttaln* 
iUblr  enough  to  m  iHjtorl  tin*  procr^ing  gain. 
lhl#  Mould  rrquirr  fur'her  examination. 


I»t  Addition  to  tbe  |*roce»»lng  gain.  there  U  a 

,’f*'  «Mch  l»  An  Inc obrrrt.i  ad- 

ditlon:  If  a  lota  I  of  ten  eecend*  i* 

Ibf*  added  effect  of  about  *  •*m»|*»  |»  *  |0~  h 

or  •>  on.  ' 
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i#  tk  Nrt*?  btfl 
I*  »h#  drf«c >)on  tht*»»*M. 


tM  ew!|)H.|  wilt  lh*  blfA  At  tbe  *^Clf|ed  160  watt* 
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T rrttiMt'.lMlOh  U** 

The  Iran  Mill**  Ion  !©••  <!r|*e«il*  on  whether  or  not  the  h*ch*c<iii&r  i* 
i^cuUr.  TMe  proteitity  defiend*,  In  |*»rt.  ©n  the  wavelenclh.  Since  the 
MCluill  *ittt4li«)«  !•  not  yet  well  rtelined.  both  will  he  ev*l(fcii*d  There  !•  *l«© 
nn  jtbeorplioft  of  the  *©0**1  eneriry  which  I*  *  laociien  el  lret|oetvC>  Thle  I* 
negligible.  because  »t  £i  Htb  the  *hf©r|*ti©«  coefficient  i*  only  *boo«  $ 
hfmfi'r.  Tor  *  hotwired  *meter  |we  **yl  rwofe.  this  I*  only  ©ne  dll.  The 
•  itoettcn  (Ittnir*  if  the  fretfoetw/  el  the  »@fwf  were  Mfber. 

Mefl«Ctt©o 

The  |e9i**lry  Ilf  *f*ee«Ur  reflection  le  *hcn*n  I©  hi.  •«  Th»  MlMfe 
pmmr  IHotnlnalee  t>  interface  layer  and  th*  eeeohlng  b*#h*r*t!ef  «d  the  re¬ 
flected  energy  lllwminate*  «n  ere*  I*  lb*  |*Un*  ©I  the  •<***?  *f  ray. 

Ar*  0(zr) 

in  which  r  I*  lh* 

/C?  I*  the  hewmwidth  •<  the  array 

If  th*  area  «f  the  array  I*  A+  »  the  (radio*  ©I  the  reflected  energy 
restored  It  the  array  I* 
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*Mch  «*  i«rr»  drf*en<f»  rvi  it*  array  »i^  4wi 
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Id  wlukt’t  !>  i*  ^l*itri«f  of  |H«  array 
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Hence  ihe  tran*ml»»lon  le**  for  a  ranpe  of  200  meter* 
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A*  an  upper  boui*l  on  ihe  useful  array  *!*••.  consider  an  array  *tlh  a  -  of 
a!»oul  )%  HH.  The  Uamnldih  i*  then  given  by 
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the  area  illuminated  l*y  the  bad  scatter  at  ihe  m>»  ewrface  ba*e«i  ©n  tpecular 
reflection  I* 

Ar  *  (a**)  * 

*  **tr( 

"T/i  t 

the  #fe*  nf  ar  arr  y  ©4  ra4i©e  ^  »• 

||en<e  In  capture  11  ***  hack*f  *U«fe4  enefry 
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•r  ihe  r»»h*l  array  I*  I*  feet. 
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TL  = 


V7*//  *•  v  y  Sf  ■  ‘ 
s  /  c 

j>  x  -  $•  s’  *4C. 


Non-Speculnr  Reflection 

Suppose  Instead  of  being  specular,  the  oackscalter  is  non-specular 

and  follow*  Lambert's  law.  For  a  2>Z  of  35  dB.  the  area  Illuminated  at 

i °0  meter*  ha*  a  radius  of  3.  6  meter*,  All  the  angle*  from  point*  on  the 

illuminated  surface  to  point*  on  the  array  are  thu*  almost  vertical.  The 

tin  /?  tinjr  law,  for  *  £p  I*  thu*  unity. 

Over  a  remainder  of  the  hemisphere  A  *  £  but  at  the  angle 

the  intensity  i»  proportional  to  tin  *f*  . 

44  * 


•  *  s/4 


The  area  on  the  unity  sphere 
within  the  ring  At  the  angle  ’J 

I* 


iff  y 


Itrnce  the  intensity  It 


^ and  the  total  power  over  the  sphere 
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The  fraction  of  the  transmitted  energy  received  by  the  array  of  size  A  a.  is 


then 
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In  the  case  of  non-spccular  reflection,  doubling  the  diameter  of  the  array 
improves  the  )  by  only  6  dD. 


Backscatter  Loss 

The  backscatter  loss  comes  directly  from  the  reflection  coefficient 

Z'W L  -  2  )  ~  0-  /j2&’ o*v 

Hence  \  <  2W  L  at  both  5  and  25  KHz 
^  j:  0.0600  m  at  25  KHz 
^  «  0.  300m  at  5  KHz 

P  -  £0  *  '0  — . — 

^  .V4 

-  ^  m  <r.7y/0~  6>*r**j 


Reproduced 

bcU 
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BL 

BL 


B o  =  -  zo  J'j  7  -*■  v 

=  104.  8  dB  at  2'  KHz 
=  90.  8  dB  at  5  KHz. 


Noise  Level 

The  noise  level  will  be  taken  for  a  modest  sea  state  (about  2) 

5  KHz  /s/l  =  .55  dB  re  j  dyne/crn2 

25  KHz  =  _65  dB 

Detection  Threshold 

The  detection  threshold  should  be  somewhat  high  because  the  phenomena 
itself  is  not  deterministic  and  comparisons  have  to  be  made.  Instead  of  the  usual 
6  dB,  a  little  more  margin  is  essential  -  say 

£>T  *  /0</£ 
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Evaluation  of  Signal  Excess  Against  Ambient  Noise 


The  Signal  Excess  can  now  be  evaluated  at  5  KHz  and  25  KHz  for  both 
a  small  (4  ft  x  4  ft)  and  a  large  (50  ft  x  50  ft)  array.  The  large  array  is  suf¬ 
ficient  to  collect  almost  all  of  the  reflected  energy,  although  this  evaluation 
should  be  refined  to  check  on  near -field  vs  far -field  effects. 


Array  Size 

Small 

Large 

Reflection 

Specular 

Non-Specular 

Specular 

Frequency 

5 

25 

5 

25 

5 

25 

SL 

92.  3 

92.  3 

92.  3 

92.  3 

92.  3 

92.  3 

PG 

38.  0 

38.  0 

38.  0 

38.  0 

38.  0 

38.  0 

PD 

5.  0 

5.  0 

5.  0 

5.0 

5.  0 

5.  0 

-TL 

-34.  5 

-20.  5 

55.  0 

-55.  0 

0.  0 

0.  0 

-BL 

-90.  8 

-104.  8 

90.  8 

-104.  8 

-90.  8 

-104.  8 

-NL 

55.  0 

65.  0 

55.  0 

65.  0 

55.  0 

65.  0 

-DT 

-10.  0 

-10.0 

■10.  0 

-10.  0 

-10.  0 

-10.  0 

SE  (dB) 

55.  0 

65.  0 

34.  5 

30.  5 

89.  5 

85.  5 

Both  5  KHz  and  25  KHz  sonar  frequencies  have  been  considered  as  well  as 
models  for  specular  vs  non-specular  backscatter.  In  all  cases,  the  Signal 
Excess  is  high,  showing  that  the  actual  problem  is  contrast. 
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